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SUMMARY

An snalysis hes been made to estimate the performance of a
nuclear-energy powered turbojet engine and the optimum englne con-
ditions and to determine the gross welght and the losd-carrying
capacity of an alrplane powered by such an engine. The analysis
is for a flight Mach number of 0.9 and covers a range of engine
operating conditions and nuclear reactor asnd reactor-shielding
dimengions.

For practical shielding thicknesses, the optlmum compressor
pressure ratios were high (in the vicinity of 40). The gross
welght of the airplene required to carry a disposable load of
20,000 pounds was found to vary from approximately 300,000 to
900,000 pounds, depeniing on the assumptions. For the case of a
reactor tube-wall mean temperature of 2500° R, a& turbine-inlet
temperature of 2000° R, a reactor free-flow area ratio of 0.33, a
reactor-shielding specific gravity of 6.0, a reactor shielding
thickness of 3 feet, and an altitude of 30,000 feet, the alrplane
gross weight reguired to carry a 20,000-pound pasy load was found
to be 545,000 pounds.

INTRODUCTION

Because of the possibllity of a anearly unlimited flight range
inherent in the use of nuclear-powered alrcraft, consideration is
being glven to various types of propulsion system utillizing a
nuclear reactor as an energy source. Some aspects of the appli-
cation of nuclear energy to steam-turbine power plants for air-
craft are reported in reference 1.

An analysis was made at the NACA Lewls laboratory of a
nuclear-powered turbojet engine over a wide range of conditions.
The results of this investigation at a flight Mach number of 0.9
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are presented herein., The analysis covers a range of altitudes,
reactor-tube-wall temperatures, turblne-lnlet temperatures, -
reactor free~flow-area ratios, compressor pressure ratios, and
eir mass flows. The investigation is divided into two parte:
The first phase of the inveatigation conslders the effects of
various operating conditions on the engine performance, and the
second conslders the gross welght and load-carrying cepacity of
the complete alrplane. Although detailed reactor-design problems
are not considered, the analysis shows the effect of several
reactor-design variebles on the performance of the propulsion
system and the alrcreft gross weight.
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ANALYSIS
Description of Power Plant

A schematic dlagram of the turbojet engine, which is con~-
ventional except thet a nuclear reactor is incorporated in place
of the ususl combustors, is shown in figure 1. Compression of
the alr 1s accomplished In two phases with intercooling between
the two axial-flow compressors. The pressure ratlio across each
of the two compressors 1s taken equal to the square root of the -
over=-gll presgsure ratlo. The energy addition to the working fluld
is accomplished through forced-convection heat transfer from the
nuclear-energy-heated passages of the reactor to the alr rather .
than through the combustlion of air with fuel as in the conventional
turbojet engine. From the reactor, the sir passes through a
turbine that drives the compressore and finally expands through a
nozzle into the atmosphere in the conventlonsl menner. The ratio
of the diffuser pressure rise to the compresslible dynemic pressure
was agsumed to be 0,9; the intercooler effectiveness, 50 percent;
compressor smell-gtage efficlency, 88 percent; the adisbatic
turbine efficiency, 90 percent; and the velocity coefficlent of
the exhaust nozzle, 0.96.

Range of Conditions Investlgated

Calculations of the performence of thils system were made for
five combinations of altliude, reactor-tube-wall tempersture,
turbine~inlet temperature, and reactor free-flow-area ratio for a
f1light Mach number of 0.9, for a range of compressor pressure
ratios fram 10 to 50, and for various mass flows per unit reactor
frontal syea. The followlng teble lists the five sets of condltions
investigated:
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Altitude, Rector Turbine-inlet Rector
(£t) tube~wall . temperature | free-flow=-
temperature (°r) area ratio

| (°R)

30,000 2500 2000 0.50

30,000 2500 2000 «33

30,000 2000 1700 .50

30,000 2000 1700 «33

50,000 2500 2000 «50

For each of these conditlons the effects of various reactor dia-
meters and shlelding thicknesses on the ailrplane loed-carryling
capacity and ailrplane grose weight were investigated.

Method. of Calculation

From the momentum equation, the net thrust per slug per
gecond of air is

B/ = (V4-7,) (1)

The definitions of the symbols used throughout this report with
the assumed efficienclies and coefficlents are given in appendix A.
Equation (B4) of appendix B, which is & form of equation (B4) from
reference 2, gives the Jet velocity, when the effect of reheat due
to turbine loss is neglected, as

s BB T ¥ =

The magnitude of the error that is introduced by neglecting the
effect of reheat depends on the turbine-exit veloclty. For the

case where the turbine-exlt-velocity 1s equal to the Jet veloeity,

no error is Introduced by neglecting the turbine reheat effeoct.

If the burbine-exit velocity 1s zero, the Jet velocltles as cal-
culated herein would be about 5 percent lower than those that would
be obtalned if the effeot of reheat were included in the calculatiom.
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For a specified altitude, flight Mach number, compressor
pressure retio, end set of turbolet component efficilencies (ed,

€55 TNgs Mgy and C ), the Jet velooity as given by equation (2)

and hence the net thrust per unit mass flow is & function only of
total-temperature end total-pressure ratios T./T, and P /P

Equetion (C11) of (appendix C) gives the temperature ratio

% 3 +<% ) )(l ) e-o.oosss(z/d)eff> (3)

The total-temperature ratio i1s thus a function of the reactor-
tube~wall temperature, the resctor-inlet temperature, and en
effective length-to-dlameter ratlo. For most of the calculations,
the tube-wall temperature, reactor-inlet temperature, and the turbine-
inlet tomperature were specified and equation (3) was used to
calculate the effective length-to-dleameter ratio, which, as sub-
sequently described, was then used to determine the reactor pres-
gure drop and the actual lengbh-to-diameter ratio of the reactor
tubes. The effective length-to-diameter ratlo im defined by
equation (C8)(appendix C) as follows:

1\ opn (g O 0.8 100 N 1
Qd)eff. 19-22 <Ar (%) p,h) a (&)

From this equatlion, the effective length-to-dlameter ratio is seen
to be a function of the tube Reynolds nuwber, the actual length-to-
dlameter ratio of the reactor tubes, the ratloc of air denslty
evaluated at the tube-wall temperature to the air density evaluated
at the average alr temperature, and the ratio of the specific heat
of alr evaluated at the tube-well temperabure to the average
gpecific heatb.

for the purpose of simplifying the calculetions and would be 4if-
ficult to obtain in an actual reactor. This wall temperature may

be considered a mean effective wall temperature for the actual
reactor and the maximum wall temperature of a reactor may be
appreciably greater than this meen effective wall temperature. The
difference between the maximum wall temperature and the mean
effective wall temperature can be minimized by the uese of neutron
reflectors and by adjusting the distribution of fissionable maeterisl
in the reactor. This subject 1s not investigated hereln.
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The pressure drop from station 4 to station 7 (fig. 1) was
divided into three parts, a pressure drop from the compressor
outlet to the reactor-tube inlet, & pressure drop through the
reasctor tubes, and a pressure drop from the reactor-tube outlet
to the turbine inlet. The pressure drops immedlately before
(station 4 to 5) and after (station 6 to 7) the reactor tubes

were assumed to be approximstely equal to %.pvz as indicated by

equations (C12) and (C1l3) of appendix C. The pressure drop from
station S5 to 6 through the reaoctor tubes was determined by means
of the special pressure-drop charts of reference 3. These charts,
which are set up for heat transfer to alr at a constant wall tem-
perature, yleld a solution for the pressure drop in a tube when
the wall temperature, the mass flow of alr per unit flow area, the
effective~length-to-diameter ratio, and the total temperature and
pressure at the tube Inlet are specified. A complete description
of the development and use of these charts 1s given in reference 3.

The thrust per unit reactor frontal area is the product of
the thrust per unit mass flow from equation (1) and the mass flow
per unit reactor frontal area. Thus

(5)

=y

x M

Ap Ap
The drag of the engine nacelle per unit reactor frontal area from
equation (B22) in appendix B is

2
Do _ CaPo¥o m 2o (6)
Ar 2e 'Ar M
The airplane gross weight per unlt reactor frontal area is
W F D
£_[ .= %. (7)
A \& &

and the ratio of disposable load to gross weilght from eguation (B27)
of appendix B is
Wy M, W
e sh
—_ =+ pl(1=P) + —=
R~
g (F_‘__?_E L

AT Ar D

(8)
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It was assumed that the reactor and shielding would fall
within the frontal area of the compressor or could be submerged
In the wings or fuselage of the sirplane. The compressor frontal
area was therefore used for calculating the nmcelle drag and was
determined from the air-flow requirements assuming a constant axial
Mach number and assuming that the alr flow per sguare foot of com~
pressor frontel aree was 25 pounds per second per square foot st
sea-level statlc conditions., This value is approximately the upper
limit of the air flow per unit of compressor frontal ares handlied
by current turbolet engines.

1265

The method of calculating engine weights (weight exclusive of
reactor, reactor shielding, and Intercooler} considered the specific
englne weight (1b of engine/lb of air handled) to be a function of
the compressor pregssure ratio, altitude, and flight speed. The
engine weights used in these computations are representative of the
lightest of current turbolet engines. Further discussion of the
method of evaluating system weight is glven in appendix D.

RESUIDS AND DISCUSSION
Engine Performance -

Thrust per unit reactor frontal area. - The variatlon of the
thrust per unit reactor frontal area F/A,. with the effective -
length-~to-diameter ratio (Z/d)eff of the reactor passages 1s
shown 1n figure 2 for various mess flows per unlt reactor frontal
area, M/Ar. These curves are for an altitude of 30,000 feet, a

reactor~tube~wall temperature of 2500° R, a compressor pressure
ratio of 40, and a reactor free~flow-area ratio of 0.50.

For constant inlet conditions to the reactor, that is,
constant flight Mach number, altitude, compressor pressure
ratio, and tube-wall temperature, the turbine-inlet (reactor-
outlet) temperature is a funotion only of effective length-to-
diameter ratio, (See equation (3).) A scale of turbine-inlet tem-
perature has been inocluded in figure 2. For a constant effective
length-to-diameter ratio and hence constant turbine-inlet temper-
ature, the actusl length-to-dlemeter ratio of the reactor tubes is
constant withln ebout 10 percent for the range of mass flow per
unit reactor frontal area shown.

As effective length-to-diameter ratioc is increased, the turbine-
inlet temperature increases with & consequent increase in Jet thrust
per unilt reactor frontal area., At the same time, however, the -
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pregsure drop in the reactor increases becsuse of the incresse in
passage length-to-diameter ratio and eventually offsets the effect
of increasing turbine-inlet temperature so that the thrust begins
to decrease, The point of maximum thrust per unit reactor frontal
area occurg at progressively higher effective length-to-diameter
ratios and turbine-inlet temperatures as the mass flow per unit
reactor frontal area decreases., The maximum points for the ourves
of mass flow per unit reactor frontal area of 4.0 and 4.5 slugs
per second per square foot ocour at effective length-to~diameter
ratios corresponding to a tube-outlet Mach number of 0.65.

The calculations for the remainder of the figures were made
for constant turbine-inlet temperatures of either 2000° or 1700° R.
A cross plot from figure 2 of thrust per unit reactor frontal ares
F/Ar aegainst mass flow permit reactor frontal area M/Ar at &

turbine~inlet temperature of 2000° R is shown in figure 3 along
with similar curves for other compressor pressure ratios P,/P,.

For a constant compressor pressure ratio, increasing the mass
flow per unit reactor frontal) ares lncreases the jet thrust because
the engine 1s handling more air at the seme conditions of tempera-
ture and pressure. As the length~to-dlameter ratio of the reactor
tubes is essentially constant (for a constant turbine-inlet
temperature), however, the pressure drop also increases with mass
flow per unit reactor frontal area and eventunally causes the thrust
per unit area to decrease.

The maximm points of thrust per unlt reactor frontal area
F/% at each pressure ratlo are plotted against .compressor pressure

ratio Pé/Pl in figure 4 together with similar curves for the other

conditions of altltude, btube-wall temperature, turbline-inlet tempera-
ture, and reactor free-flow-area ratio investigated in this analysis.

As the compressor pressure ratio is initially increased, the
thrust per unit reactor frontal area increases because the optimum
values of mass flow per unit reactor frontal area are inoreasing,
as Indiceted in figure 3. The thrust finally decreases, however,
with increasing compressor pressure ratio because of the effects of
the 1limiting turbine-inlet temperature also found with the con-
ventional turbojet engine. Maximum thrust per unit area appears to
occur &t & compresegor pressure ratlo slightly higher than 50 for
the conditions where the tube-wall temperature is 2500° R and the
turbine-inlet temperature is 2000° R (fig. 4), The curves for a
tube~wall tempersbure of 2000° R and a turbine-inlet temperature of
1700° R have their maximm thrust per unit area at & compressor
ressure ratio of about 30.
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Reducing the free-flow area ratioc from 0.50 to 0.33 at an
altitude of 30,000 feet, & tube-wall temperature of 2500° R, =
turbine-inlet temperature of 2000° R, and a compressor pressure
ratlo of 50 results in about a 35-percent decrease in thrust per
unit reactor frontal area. A change ip altitude from 30,000 to
50,000 feet causes a reduction in thrust per unit reactor frontal
ares, o§ about 53 percent. (Compare top curve of fig. 4 with sollad
curve.

The maximum thrust for the condition where the tube-wall
temperature iz 2000° R, the turbine-inlet temperature is 1700° R
end the free-flow ares ratlo 1s 0.50 is approximately 58 percent
lower then the meximum thrust for the top curve (tube-wall tem-
perature, 2500° R; turbine-inlet temperature, 2000° R}). Compari-
son of the top curve with the dotted curve shows the combined
effect of reducing the free-flow area ratlo from 0,50 to 0.33, the
tube-wall temperature from 2500° to 20000 R, and the turbine-inlet
temperature from 2000° to 1700° R,

Thrust and net thrust per unlt englne frontel area. - The
variation of the thrust and the net thrust (thrust less engine-
nacelle drag) per unit of engine frontal area, F/A, and

(FJDn)/Ae, respectively, with mass flow per unit reactor frontal
area M/A, for various compressor pressure ratios P,/P; is shown

in figure 5. The engine frontel area 1s based on the frontal area
of the compressor. The altitude is 30,000 feet, the tube-wall
temperature, 2500° R, the turbine-inlet temperature, 2000° R, and
the reactor free-flow-area retio, 0.50. These curves alsc indicabe
the varlation of thrust per unlt mess flow because for a given
flight speed and altitude the air mess flow per unlt engline frontel
area 1g constant. S ' )

As the mass flow per unit reactor frontal area 1g increased
at & constant compressor pressure ratlio, the reactor pressure drop
increages wilth a consequent decreasge in thrust per unlt mass flow
of eir and thrust per unlt engine frontal area. The slope of a
line drewn from the origin in figure 3 to any point on a curve
gives the value of the thrust per unit mass flow, which for a
glven flight condition is proportlonal to the thrust per unit
engine frontal area for that point. It is hence apparent from
figure 3 that the thrust per unit mass flow and thrust per unit
engine frontal area decrease as mess flow per unit reactor fromtal
area incresses, For the range of compressor pressure ratios
investigated, the thrust per unit engine frontal erea decreases
with incressing compressor pressure ratlo. This effect is a
reflection of the decrease 1n thrust per unit msss flow that occurs

1265
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beyond the optimum compressor pressure ratic for conventional
turbojet-engine cycles. The dashed curves of net thrust per
unit engine frontel area show the seme trend and are lower by
the emount of the constant nacelle drag per unit engine fromtal
aree

The net thrusts per unit engine frontal area shown in fig-
ure 5 may be scmewhat higher than thosefor a conventional turbojet
engine because (F-‘Dn)/Ae is based on the compressor frontal area

rather than on the slightly larger combustor frontal area, which
is used for most turbojet-engine cslculations.

Specific thrust. - The variastion of the net thrust (thrust
minus nacelle drag)} per unit of engine weight plus reactor weight
(FéDn)/(We+Wf) with mass flow per unit reactor frontal area M/A,

for a reactor length of 2 feet and for various compressor pressure
ratios for the case of an unshielded reector is shown in figure 6.
Subsequent curves show the specific thrust including various smournte
of reactor-shielding weight.

For a constant compressor pressure ratio, the thrust per unit
of engine weight plus reactor weight varies in nearly the same
mammer a8 the thrust per unit engine frontal ares because, as pre-
viously mentioned, the engine welght per unit engine frontal ares
is a constant for each campressor pressure ratio (the reactor weight
being only a small percentage of the englne weight).

The thrust per unit engine weight decreases more rapldly with
Increasing compressor pressure ratlio than the thrust per unit engine
frontel ares because of increesing engine welght -per unlt engine
frontal area.

For a constant compressor pressure ratlo, mass flow per unit
reactor frontal areas, altitude, tube-wall temperature, and turbline-
inlet temperature, the specific thrust decreases with decreasing
free-flow-area ratio because of the increasing reactor pressure

drop.

The decrease in specific thrust with decreased tube-wall and
Hurbine-~inlet temperature is due mainly to a decreese I1n thrust
per unit mase flow of air because of the reduced temperature at the
nozzle inlet,

Other conditions belng constent, the specific thrust decreases
as the altitude is increased from 30,000 to 50,000 feet because at
the higher altibtude a larger englne is required to handle a given
amount of -air.
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The variatlion of the net thrust per unit of power-plant

weight (F-Dn)/(Wé+Wr+Wsh) with mass flow per unlt reactor

"~ “frontal area M/Ar for various compressor pressure ratios and
specifled values of shlelding weight per unit of reactor frontal
srea Wg,/A, 1s shown in figure 7,

For a constant compressor pressure ratio and shielding weight
rer unit reactor frontel ares, the specific thrust increases to a
maximim value and then decreases as the mass flow per unit reactor
frontal area Increases., The large constant value of shielding
welght per unlt reactor frontel ares along each of the curves in
figure 7 tends to minimize the effect of the increasing system
welght and accents the effect of the increasing thrust per unit
reactor frontael area. As M/Ar continues to increase, however,

the increasing englne weight eventually becomes of sufficient
Importance to csuse the specific thrust to decrease.

In fignre 8 the maximum points from figure 7 and from similarxr
plots for the other four general cornditions are plotted against
compressor pressure ratio P4/P1 for warious shielding weights per

unit reactor frontal erea Wgy/A.. In figure 6, the specific thrust

of a system with a bere reactor (zero shielding welght) was observed
to decrease with increased oompressor pressure ratlo, for the range
investligeted, because of an increase in engine weight thet offeet
the effect of increasing net thrust. Beocause shielding the reactor,
however, tends to lessen the importance of the increassing engline
welght (that is, the percenmtage increase in total system weight is
less in this case), there is an initial increase in specific thruet
with Increasing compressor pressure ratlo. Eventually, however,

the engine welght Ilncreages at a sufficiently reapld rate to cause
the specific thrust to deorease with Increasling compressor pressure
ratio.

The compressor pressure ratio for meximum specific thrust
increases as the shielding welght per unit reagtor frontal aresa,
end tube-wall and turbine~inlet temperatures increase (fig. 8).

The compressor pressure retio for meximum speciflc thrust varies
algo with altitude and reactor free-flow-area ratio. For a tube~
wall temperature of 2500° R and a turbine-inlet temperature of
2000° R (fige. 8(a), 8(b), and 8(e)), the compressor pressure ratio
for maximum specific thrust varies from below 10 for the unshlelded
cage (see Fig. 6) to about 35 at a shielding welght per unit reactor
frontal area of 10,000 pounds per square foot end to about 48 at a
shielding welght per unit reactor frontal areas of 50,000 pounds per

S9eT
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square foot. For & tube-wall temperature of 2000° R and a turbine-
inlet temperature of 1700° R (figs. 8(c) and 8(d)), optimm com-
pressor pressure ratlo verles firam sbout 20 at a shielding weight
per reactor frontal aréa of 10,000 pounds per square foot to sbout
25 at a shieldlng welight per reactor frontel areas of 50,000 pounds
per square foot.

The previously mentioned effects of varying altitude, tube-
wall end turbine-inlet temperature, and reactor free-flow-area
retio that were mentloned in the discussion of figure 6 also apply
to figure 8.

The shielding weight per unit reactor frontal area, which was
included &s a parameter in figure 8, is for s cylindrical reasctor a
function of the ghielding thickness, the reactor dlameter, the
reactor length, and the specific gravity of the shielding material.
Figure 9 shows for a cylindrical reactor the variation of the
shielding weight per unit resctor frontel area Wgn/A, with shield-

ing thickness +tgy for various reactor dlameters d,. and lengths

1 and for a speclific gravlity of the shielding material of 6.0. The
calculations for the ghielding welghts shown in figure 9 and sub-
sequent figures are based on a simple confliguration of a constant
shielding thickness arcund a cylindrical reactor and do not take
into acocount the welght of the shielding around the air ducts to
end from the reactor. The welight of shielding necessary for this
additional shielding would largely depend on the ducting arrange-
ment. For & cylindrical resctor 4 feet in dlemeter end 4 feet long
end a ghielding thickness of 3 feet, one preliminary ducting layout
and welght analysis indlcated that, for a duct flow ares equal to
the reactor flow ares, the ducted shlelding would weigh about

25 percent more then the simple shielding arrengement agssumed in
this anslysis. This percentage increase in weight would be expected
to vary somewhat with reactor and shielding dimensions.

The shielding weight per unit reactor frontal area increases
wlth increasing shielding thickness and resctor length. For a con~
gtant shlelding thickness and reactor lengbth, however, the shieldilng
weight per reactor frontal area decreases with increasing resctor
dlameter becaunse that portion of the shielding weight arcund the
clrcumference of the reactor increases approximstely as the first
power of the reactor diemeter, whereas the reactor frontal area
increases as the diameter squared. Because considerations of
economy of fissionable material have an lmportant bearing on the
cholce of the reactor proportions, no attempt is made herein to
indicate optimum proportions. Other coolant-passage arrangements
mey make possible some reduction in shielding welght for a given
rate of reactor power oubpube.
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Alrplene Groes Weilght and Loed-Carrying Capaclty

Disposable-load -to-grosg-weight ratio. - Figure 10 shows the
variation of the ratlio of disposeble load to alrplane g0 welght
Wﬁ/ﬂs with mass flow per unit reactor frontal area M/A, for
various compressor pressure ratlos P4/P1, reactor dlameters d,.,

and reactor lengths 1 and for & shielding thickness of 2 feet.
These curves are for an altltude of 30,000 feet, a tube-wall tem~
perature of 2500° R, a turbine-inlet temperature of 2000° R, a
reactor free-flow-area ratioc of 0.50, a shielding specific gravity
of 6.0, and a lift-drag ratlo of the airplane without nacelles of 18.

For a constant reactor dlameter and length, the ratio of dis-
posable load to gross weight has s maximm value with both flow per
unit reactor frontal area and compressor pressure ratlo Just as the
speclfio~thrust curves of figure 7 because ratio of disposable load
to gross welght 1s a function only of the specific thrust for a
constant lift-drag ratioc of the airplane, as indlicated by
equation (8).

For & constant compressor pressure ratio, mass flow per unit
reactor frontal area, and reactor length, increasing the reactor
diameter results in an inocrease 1In the ratlo of dispoable load to
gross weight because, as Indlcated in the dliscussion of figure 9,
an increase 1n reactor diameter results in a decrease in the shleld-
ing welight pexr unit reactor frontal area, whereas the thrust
increases in direct proportion to the reactor frontal area or to the
square of the reasctor dlameter. For example: Tfor a constant
reactor length of 2 feet, increasing the reactor diameter from 2 to
4 feet increases the reactor frontal area, the air flow, the thrust,
and the engline weight by e factor of 4. TFor & constant shlelding
thickneas of 2 feet, however, thils lnorease in dlameter inoreases
the shielding weight by a factor of only 1.8 so that & lerger per-
centage of the airplane gross weight can be carried as disposable
load.

Comparison of the top three families of curves in figure 10
showg the effect of varylng reactor length with a constant reactor
diameter. As the reactor length increeses, the ratio of dlsposable
load to gross weight decreasses because of & dlrect inocrease in the
shielding weight. The minimum length reasctor that could be used
with this power plant is determined by maclear considerations or by
the minimum reactor-passege diameter that is practical, because for
a given turbine-inlet temperature, compressor pressure ratlio, and
tube Reynolds number, the length-to-diameter ratlio of the reactor
pagseges is constant. Calculatlions indicate that for the condltions

3
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of figure 10 and for the renge of mass flow per unit reesctor frontal
eres and compressor pressure ratios investigated, the tube diameter
varies from 0,18 to 0.21 inch for a reactor length of 2 feet, from
0.26 to 0,30 inch for a resactor length of 3 feet, and from 0.34 %o
0.38 inch for a reactor length of 4 feet. It is agein emphasized
that these conclusions apply for the simple reactor Tlow-passage
arrangement assumed in the snalysis,

The changes in ratlio of disposable load to gross weight shown
in figure 10 are accompanied by variations in the sirplane gross
welght because the gross welght is a function of the net thrust and
hence mass flow per unit reactor frontel ares,compressor pressure
ratio, and reactor diameter. The gross weight is independent of the
reactor length for the assumpbtions of the present analysis. A plot
of the gross welghts, corresponding to the disposable-load-to-gross-

welght ratios W&/Wé of figure 10, sgeinst mass flow per unit

reactor frontal ares M/Ar is shown in figure 11. The correspond-
ing ranges of values of ratio of disposable load to gross weight
for a reactor length of 2 feet are also presented., For a

constant reactor dlameter, the variation in gross welght shown by
these curves is a direct result of the varistion of net thrust per
unit reactor frontal area. For a given mass flow per unit reactor
frontal aree and compressor pressure ratio, the net thrust and
bence the gross weight are dlrectly proporticnal to the square of
‘the reactor diameter.

The maximm values of disposable-load-to-gross-weight ratio
W&/Wé (at optimum compressor pressure ratio and mass flow per unit

reactor frontal area) from figure 10 and from similar plots for the
other condltions are plotted against the corresponding gross welghts

Wé in figure 12. In addition to the five general conditioms for

which curves are presented throughout this report, flgure 12 includes
curves for a set of conditionms at an altitude of 70,000 feet, a tube-
wall temperature of 2500° R, a turbine-inlet temperature of 2000° R,
and & reactor free-flow-area ratio of 0.50 (fig. 12(f)).

The curves are for a reactor length of 2 feet, a specific
gravity of the shielding material of 6.0, and & lift-drag ratio of
the airplene without nacelles of 18. A line for a constant dls-
possble load of 20,000 pounds is also shown. Similer lines for
other values of disposable load can readily be plotted on thls Iigure.
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As previously mentioned in the discussion of figures 10
and 11, increasing the reactor diameter with a constant shielding
thlckness results in an increase in ratio of dilsposable load to
gross weight and in the airplane gross weight. For a constant
reactor dlameter, increasing the shielding thickness decreases
the ratio of dlsposable load to gross welght and increases the
grosa welght, : :

For an altitude of 30,000 feet, & tube-wall temperature of
2500° R, a turbine-inlet temperature of 2000° R, a reactor free-
flow area ratio of 0.50, a disposable load of 20,000 pounds, and
shielding thickness of 3.5 feet, the required airplane gross welght
would be about 680,000 pounds (fig. 12(a)). For the same conditions
and a shielding thicknese of 3 feet, an alrplane weighing about
450,000 pounds would be reguired.

Inspection of figure 12(f), which is for an altltude of
70,000 feet, indicates that for the range of shilelding thicknesses
and. reactor diameters Investigated the values of the ratio of dis-
posable load to gross weight are for the moat part negative. When
this ratio is negative, the airplane will not fly at the specified
conditlons. Wor example, for reactor diameters up to 10 feet the
alrplane will not fly with 1.5 feet of reactor ahlelding. For a
reactor dlameter of 10 feet and a shielding thickness of about
1.25 feet an alrplans welghing about 475,000 pounds will f£fly but
can carry no disposable load. If the airplane is to carry a
disposable load of 20,000 pounds and the reactor dlameter 1s to be
10 feet, the maximum shielding thickness that can be allowed 18
about 1,1 feet and the alrplane gross weight would be 355,000 pounds.
More favorable assumptions for either the engline or the airplane
would 1ncrease the disposable-load-to-gross-weight ratlos or for a
fixed disposable load would decorease the airplane gross weights
required. For example, the assumption that the structural welght
of the sirplane was 30 percent of the airplane gross welght, rather
than the value of 40 percent used in this analysis, would raise all
the curves of figure 12 by 0.1 on the wd/wg scale. Further compari-

son of figures 12(a) to 12(e) will be made in a subsequent table.

As previously mentioned, the shielding weights and the shlelding
thickness as calculated hereln do not include the shielding arcund
the air ducting Lo and from the reactor so that the disposable-load -
to-gross-weight ratios and the regquired airplane gross welghts shown
here are somewhat optimistic for the shielding thicknesses glven.
The previously mentioned 25-percent increase in shielding weight that
is necessary to allow for the duct shielding 1s equivelent to a 10~
to 1S-percent increase in ghielding thickness for thicknesses of

<921
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about 3 feet. The additional shielding thickness required for
ducting can thus be taken into consideration in the curves of
figure 12 for shielding thicknesses of about 3 feet by increasing
the values shown by 10 to 15 percent.

A considerable decrease in required airplane gross weight can
be realized 1f equal shielding ability cen be obtained by reducing
the shlelding thickness and Increasing the specific gravity of the
shielding material to maintain & constant product of the two
guantities. The following teble shows, for a disposable load of
20,000 pounds and for the conditions of figure 12(a), the decrease
in alrplane gross weight that can be reallzed by reducing the
shilelding thickness and mainteining the product of specific gravity
and shlelding thickness constant st 18:

Specific gravity of Shielding Reactor Alrplane
shielding material thickness dlameter gross welght
(£t) (£t) (1bs)
3] 3.0 2.7 450,000
9 2.0 2.2 260,000
12 1.5 1.9 180,000

Any reduotion in shielding weight that results from improvement
in shielding methods will meke the application of the nunclear-energy
power plant more feasible than shown in this analysis.

The selection of values of turbine-inlet temperature used in
this enaslysis were based on the materiel limitations in the turbine.

Somewhat lower required alrplasne gross welghts than those shown in
figure 12 could be obtained if the calculatlons were made for the
optimum turbine-inlet temperatures.

Optimm compressor pressure ratio. - The compressor pressure
ratios P4/Py for meximum retio of disposeble load to gross welght

Wa/Wé corresponding to the values of the ratio of disposable load

to gross weight in figure 12 are plotted in figure 13 agalnst the
reactor-gshielding thickness Tg for the various reactor dlameters
and for the five general conditions investigated. In each case, the
optimim compressor pressure ratio increases with increasing shlelding
thickness and decreasing reactor diameter. The optlmum compressor
pressure ratio decreases with a decrease in tube-wall and turbine-
inlet temperature.
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Reactor ocutput. - Tne reactor outputs Qr corresponding to

the curves of ratio of disposable load to gross welght in fig-
ure 12 are shown plotted. egainagt the reactor-shielding thickness

tsh Tor various reactor dlameters in flgure 14. The reactor out- 'Q
put increases with both shielding thickness and reactor dlameter 2
for 211 the condltions investigated. o
The followling teble glves the required alrplsne gross welghte
and reactor diameters along with the corresponding optimum com-
pressor pressure ratlos, engline thrusts, and reactor ocutputs ae
cbtained from figures 12 to 14 for wvarlous operating conditons and
for e disposable load of 20,000 pounds. _ .
! 8
g g lF 1% |s
+ B » 5 9 + L3l o -]
2E |8 Bo %, |9 [ER| 2 | & | %

. |FE 1B | E3(%E|0a|cs 4o %E %

§o |53F | 2RF | B pES sE|BE W8 | &7 B0 3

A8 |84~ SEF’ - G B 2t 8~ | 82 482

== 189 |55 | 8B|g3 |5 |BEl ® | 3° | _
P & 2 o o B ~ &al & & =) .
30,000 2500 2000 0.50 | 2.5 2.2 39 16,500 91,000 | 275,000

30,000 | 2500 2000 .33 | 2.5 3.0 | 38 }19,500 | 106,000 | 325,000 v
30,000 2000 1700 .50 2.5 4.0 24 23,300 | 130,000 | 375,000

30,000 2000 1700 .33 2.5 5.7 22 32,800 { 185,000 { 530,000

50,000 2500 2000 .50 | 2.5 5.2 35 |38,200 | 208,000 | 650,000

30,000 | 2500 2000 .50 3.0 2.7 40 26,900 | 140,000 | 450,000

30,000 | 2500 2000 .33 | 3.0 3,8 |40 |32,500 [180,000 | 545,000

30,000 | 2000 |~ 1700 .50 | 3.0 5.1 |24 |39,600 |260,000 | 640,000

30,000 | 2000 1700 .33 | 3.0 7.6 |23 |s6,700 | 375,000 | 915,000

1Specific gravity of shielding, 6.0.
2Reactor length, 2.0 ft. '

Comperison of the flrst line of the table with each succeeding line
shows in turn, the effect on airplane gross welght and the reactor
output of changes in (&) free-flow-area ratio, (b) tube-wall and
turbine-inlet temperature, (c) tube-wall temperature, turbine-inlet
temperature, and free-flow erea ratio, and (&) altitude. For a
fixed disposeble load & reduction in tube-wall temperature, turbine-
inlet temperature, or free-flow area ratio, or an increase in alti-
tude increased the required alvplane gross weight, the reactor oub-
ut, and the engline thrusb. _ .
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Maximm allowable shielding thickness for a flxed disposable
load. - The variation of the meximum allowable shielding thickness
wlth alrplans gross welght Wg for various reactor diameters and air-

Plane lift-drag ratlos (1lift-drag ratios without nacelles) and a dis-
posable load of 20,000 pounds is shown in figure 15. The mass Plow
per unit reactor frontal area and the compressor pressure ratio &re
the optimum values for maximm shielding thickness with minimm eir-
plane gross weight., The curves are for an altitude of 30,000 feet,

a tube-wall temperature of 2500° R, a turbine-inlet temperature

of 2000° R, a reactor free-flow-area ratio of 0.50, a specific gravity
of shielding material of 6.0, and a reactor length of 2 Ffeet.

For a constant lift-dreg ratio, the ellowable shlelding thick-
ness increases at & diminishing rate as the gross weight of the
airplane and the corresponding reactor dlameter increase. For a
reactor dlameter of 3 feet, an alirplane with a lift-drag ratio of
18 can carry 3.2 feet of reactor shielding along with the dispos-
gble load of 20,000 pounds, and the gross weight would be aboubt
510,000 pounds. Increasing the reactor dlameter to 4 feet incresases
the allowable ghielding thickness to about 3.9 feet and the gross
welght to 900,000 pourds. A decrease in the lift-dreg ratio from
20 to 14 for the 3-foot diameter reactor reduces the sallowable
shlelding thickness from 3.4 to 2.7 feet and the gross welght from
560,000 to 400,000 pounds.

SUMMARY OF RESULTS

The resmits of calenleblons on the performance of 2 nuclear
turbojet~-powered airplane may be summarized as follows:

1. The compresgor pressure ratlo for maximum specific thrust
and maximm ratio of disposeble load to airplane gross weight (a
measure of load~-cerrylng capacity of the airplane) increased as
the shielding welght or turbine-inlet temperature increased. The
opbimm compressor pressure ratio also varled with altitude and
reactor free-flow-area ratic. For each compressor pressure ratlo,
there was a corresponding optimum mass flow per unit reactor frontal
area, which was determined by the pressure drop in the reactor

pessages.

2. A reduction in tube-wall temperature, turbine-inlet
temperature, or free-flow-area retio, or an lncrease im altitude
décreased the ratio of disposable load to gross welght or, for a
fixed disposable load, increased the required airplane gross welght.
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5. For & oonstant shielding thickness and reactor length,
increasing the reactor dilemeter lncreased the disposable-load-
to~grogs~welght retlo and the gross welght. For a constant
reactor dlameter, an lncrease in shielding thickness or reactor
length resulted in & decrease in disposeble-load-to-gross-weight
ratio,

4, The following table glves the required airplane gross
welghts and reactor dlemeters, along with the corresponding
optimum compressor pressure ratics, engine thrust, and reactor
ocoutputs for various operating comditions and for e dlsposeble
load of 20,000 pounds: .

1 173
5 g %, 2
5 i3 |2 |§s .

J:E ® 0 2 g 2Bl & 8 s

a = 9 o g9 E £~ k<]

=4 & g (=} S —~ ol Q g Q "]

@ P5~ 55~ “niTad GE °© P~ 3 E
g | 538 | 258 | 8E|557 | sE(8h| o8 | 83 7
P P B ot &v - +2 FL) 5 m _ﬁv 2 P [
- 3] 2 od| 00 © @ o m a <

ria i 58 3 g 3= b 54g & & g8

P & a3 & =5 & ) & & =i 5
30,000 2500 2000 0.50 2.5 2.2 39 18,500 891,000 | 275,000
30,000 2500 2000 33 2.5 3.0 39 19,500 | 106,000 | 325,000
30,000 2000 1700 +50 2.5 4.0 24 23,300 } 130,000 | 375,000
30,000 2000 1700 33 2.5 5.7 22 32,800 | 185,000 | 530,000
50,000 2500 2000 50 2.5 5.2 35 38,200 | 208,000 | 650,000
30,000 2500 2000 .50 3.0 2.7 40 28,900 140,000 | 450,000
30,000 | 2500 | 2000 .33 | 3.0 3.8 |40 |32,500 {180,000 [ 545,000
30,000 2000 1700 .50 3.0 5.1 24 39,600 260,000 | 640,000
30,000 | 2000 1700 .33 | 3.0 7.6 125 |s6,700 | 375,000 | 915,000

lSpecific gravity of shlelding, 6.0.
2Reactor length, 2.0 ft.

Iewis Flight Propulsion Laboratory, _
National Adviscry Committee for Aercneutiocs,
Cleveland, Ohio, July 7, 1949,

G92t
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APPENDIX A
SYMBOLS
The following symbols sre used in this repors:
turbojet engine frontel area, sq £t
reactor-tube (flow) area, sq ft

reactor frontal ares, sq £t

S

drag coefficient of engine nacelle (assumed to be 0.09)

Q
4

veloci?y coefficient of discharge nozzle (assumed to be .
0.96

Sp,b specific heat at consbent pressure of air in reactor
tubes evaluated st average air temperature,
Btu/(1b)/(°F)

c gpecific heat at constant pressure of alr in compressor,
Btu/(1b)/(oF) (average velue of 0.2436 used)

Pyt specific heat at constant pressure of air in turbine,
4 Btu/(1b)/(°F) (average value of 0.2644 used)

specific heat at constant pressure of air in reactor
tubes evaluated at tube-wall temperature,
Btu/(1b)/(°F)

Dn profile drag of engine nacgelle, 1b

d dismeter of reactor tubes, £t

dn diemeter of reactor, ft

F thrust of turbojet engine, 1b

i reactor free-flow-area ratio, Ap/A.

g acceleration due to grevity, 32.2 £t/sec?

h coefficient of heat transfer, Btu/(sec)(sq ft)(°F)

hpc compressor power, hp
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turbine power, hp
mechanicel equivalent of heat, 778 ft-1b/Btu

thermal conductlivity of alr in reactor tubes evaluated
at tube-wall temperature, Btu/(sec)(ft)(°F)

lift-drag ratio of alrplane without nacelles
length of reactor or reactor tubes, fit

effective length-to-dlameter ratio of reactor tubes as
defined by equation (C8) (appendix C)

mass flow of ailr, slugs/sec

total pressure, 1b/sg ft absolute

total-pressure drop, 1b/sq £t

static pressure, lb/sq £t absolute

heat trensferred, Btu/sec

reactor energy output, Btu/seo

gas constant for air, 53.35 £t-1b/(1b)(°F)

inside tube surface area, sg Tt

inside tube surface area per unit length, sq ft/ft
total tempersture, OR

mean effective temperature of reactor passage walls, °r
static temperature, °R

reactor shielding thickness, ft

Jjet velocity, ft/sec

flight velocity, f£t/sec

velocity of ailr, ft/sec
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(W/al)g

€a

€3

d_:’

disposeble load, W3 = Wé ~Wgt =~ Wa = Wgp - Wy, 1D

welght of engine excluding reactor and shlelding
welghts, 1b

grose weight of airplane, 1b

welght of reactor, 1b

weight of reactor shilelding, 1b

structural weight of airplane, 1b (assumed to be 0.4 Wé)

elr flow per unit englpne frontal area at any conditions,
1b/(sec)(sq £t)

air flow per unit engine fromtal area at standard
conditions (pressure 2116.4 1b/sq £t and tempersture
518° R), 1b/(sec) (sq ft) (value of 25 used)

ratio of specific heats of air in compressor (average
value of 1.392 used)

ratio of specific hests of air in turbine (average value
of 1.350 used)

diffuser pressure-rise recovery factor (assumed to be 0.90)
intercooler effectiveness (assumed to be 0.50)

compressor smell-gtage efficiency (assumed to be 0.88)
adiabatic turbine efficiency (assumed o be 0.90)

viscosity of air in reactor tubes evaluated at tube-wall
temperature, 1b/ft-sec

density of air, 1bfou ft

density of alr in tubes evaluated at average alir
temperature, lb/cu ft

density of reactor material, 1b/ou £t

density of alr in reactor tubes evalusted at tube-wall
temperature, lb/cu £t
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PO density of ambient air, 1b/ou ft
Subscripte:

0 ambient condltlons at any altltude
1 compressor inlet

2 intercooler inlet

3 intercooler outlet

4 compressor outlet (reactor inlet)
5 reactor-tube inlet

6 reactor-tube outlet

7 turbine inlet (reactor outlet)

NACA RM ESOBZ3

G9¢t1
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APPENDIX B

JET VELOCITY, THRUST, AND ATRPLANE PERFORMANCE
Jet Veloclty and Thrust

From the momentum eguation, the net thrust per slug per
second of air ls

F/M = V3% (81)

When the effect of rehest due to turbine loss is neglected, the
Jet velocity is given by equation (B4) from reference 2, thus

7% -1

o\ 7t 1100 hp
V3 = Oyi\|j23cy, 487 | L - (f; ) WAL+ t/a) (82)

where F/a 18 the fuel-alr ratio and is equal to zero for this
system. Only enough turbine power is removed to drive the
compressor, so that

hp.b = hpc (BS)

Substituting equation (B3) in equation (B2) and rearranging give

Y41 75=1

2
N /T oo\ 7 /B.\ 7% | 1100 ¢ 2 /hp
v, = 20,800 ety <;‘.‘. T\ -(2) —4‘> ST (==
J Ds % T, .P4 P L M

(B4)

The ambient temperature and pressure t5 and py were obtained
from the NACA standard atmosphere tables (reference 4).
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The ompression power per unlt mass flow of alr hpc/M is

the sum of the compression power of the two compressors, the one
before and the one after the inbtercocler; thus,

T - =" | memyrs) | (85)

70"1 70"1

hp. Jge P\ 7gN s\ 7ce
—S . —2C 2) °° . 2 -1 B6
M = TBs0 |1 Pl> T Ts g, (36)

It was assumed that the intercooling takes place halfway
through the compression process so that

1
P, P P\ 2
P2 e (.i (87)
B Pz \N1
Then from the definition of coolling effectiveness,

and from the definition of small-stage efficlency and the assumed
division of compregsor work

Tz = Tl a (Bg)

Therefore

Tz = Ty (1-¢4) (-ﬁ + €y (B10)

" QQaT
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Substituting equations (B7) and (B10) in equation (B6) gives

Vo1 Vel

Sy 27 oM

2767 clic
P clle P
-3 -1l{1 + (1-eq) | 22 + €
51 Py

hp, dec, ,_otO Iz
M 550

) %,
(B11)

With the assumptlon that the square of the veloclity at the

diffuser outlet is mmch less than Voz s ‘the temperature ratio
T [tg 1is

2
Vo

= l d c———
ZgIcp,cto

d‘li‘il
o+

(B12)

The compressor power per unit mess flow of alr is thus a function
of the altitude, £iight speed, compressor pressure ratio, com-
presgsor efficiency, and the intercooler effectiveness. The totel-

pressure ratio Pl/po vag obtalned from the definition of the
diffuser pressure-rise recovery factor; thus,

7C
P Vo Yol
L1+ ¢ 1+ Y e
= a -1 (B13)
Pg 2&]'0_9, otO

The tobtal temperature .at the reactor intet is

Ty= T1+(To-T1)+(T4-T3) ~(Tx-Tz) (B14)

Equation (B8) may be rearranged to give the temperature drop of the
working sir in the Intercooler. Thus,

Also from egquation (B9) _
o1

P ————
Top-Ty = Tq (%) 27N - 1 (B18)
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Therefore,
7.1

P\ 27
ToTs = €T3 (1-,1-> oo _ 5 (B17)
The temperature rise across the second compressor is
7c—1
T, T, =T, | (22)F Te -1 18
43 =5 \py ) % T (18)

Substituting the value of T from equstion (B10) in equation (BL8)

gives _ N
Yol 7s -1

PN\ 27 PN\ 27
4 n 4
T4-’I'3 =T (l—ei) (E{) ¢’lo + €5 (ﬁ‘) ole -1 (B19)

Subetituting equation (B16), (B17), and (B19) in equation (B1l4)
and dividing by T,; give

7ok Yo-1

7 = 14 i,-l-> -1 (1-ei)<P-—l- + 1 (B20)

The temperature ratio across the compressor 1s thus & functlon of
compressor pressure ratio, compressor efficiency, and intercooler
effectiveness.

The tempereture ratio T4/ty, which appears in equation (B4)
is then the product of Ty/ty from eguation (Bl2) and T,/T; from
equation (B20). The pressure ratio P;/py 1in equation (B4) is the

product of the over-all compressor pressure ratlo P4/P1 and Pl/po
from equation (B13).

The Jet velocity, as gilven by equation (B4), and hence the
thrust per unit mass flow, 1s thus seen to be a function only of
the total~temperature ratio T7/T4 and total-pressure ratio P7/P4

across the reactor for a specifled flight speed, altitude, compressor

g:;ssgrc)e ratio, and turbojet component effilclencles (ed,ei, Nar» Mo
.v .

89T
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Alrplane and Englne Performance

The thrust per unit reactor frontal area is the product of the
thrust per unit mass flow from equation (Bl) and the mass flow per
unit reasotor frontal area, thus

x
Ap

The frontal area of the power-plant nacelle was assumed to dbe
equal to the engine frontal aree, which was determined from the
compressor elr handling capaclty, as described in appendlx D. In
view of the uncertainty of the asctual Installation arrengement, 1t
was further assumed that the reactor and the shielding conld be
submerged in the englne nacelle or in the airplane fuselage. The
drag of the nacelle per unlt reactor fronbal area is therefore

M
i (321)

==

Dy _ CpPo¥o” i 4e
4, 2g A, M

For a given flight speed and altitude, the drag per unit reactor
area 1s thus a functlon only of the mass flow per unlt reactor
frontal area and & congtant mass flow per unit engine frontael
ares.

(B22)

The engine and reactor welghts per unlt reactor fromtal
area are

We _We M
™ =¥ i (B23)
j—f - 0 1(1-) (B24)

The engine welght per unit mass flow of alr W,/M was assumed
to be a function only of flight condlitions and compressor pressure
ratio, as described in appendix D.
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The gross welght of the alrplane per unit reactor frontal ares
is given by the equation

L D
L.(F _2\L (B25)
Ar \Ar &0

and the disposable load per unit reactor frontal area by

Yo g _ st _Ne M"r “sh (B26)

The alrplane structure welght was assumed to be equal to 40 percent
of the gross weight. The ratlo of disposable load to gross weight
1s then

We M Zen
Wa M A Ay (B27)

avolL
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APPENDIX C
EQUATTIONS FOR TOTAL-TEMPERATURE AND TOTAL-PRESSURE

RATTO ACROSS REACTOR

Temperature Ratlo across Reactor

In the development of the charts of reference 3, which give
the pressure drop in a tube for the case of heat being added at a
constant tube-wall temperature, the pressure drop is shown to be
a function of an effective length-to-diameter ratlo of the tubes,
which 1s defined by equation (C8) in this asppendix. It 1s shown
here that the ratio of the total temperature at the reactor outlet
to the total temperature at the reactor inlet is & function of
this same effectlive length-to-dlameter ratio for a specified tube-
wall and reactor-iniet temperature. For most of the celculations,
the turbine-inlet temperature T, was specified and used to cal-

culate & velue of (1/d)qpr that is then used to compute the
reactor pressure drop.

It was assumed thet there was no change in total temperature
from station 4 to station S or from station 6 to station 7 so that

=% (c1)

The heat transferred from the tube to the alr in the
incremental length dx is

dQ = Mgoy 3, 4T = hs (T -T) dx (c2)
or
4T hs
= dx C3
LT ™ Mgop,p ©=

where T 1is the total temperature of the air in the tube. Inte-
grating equation (C3) from the tube inlet (station 5) to the tube
outlet (station 6) for a comstant btube-wall temperabure with the

asgumbion of constant average values for the heat-transfer coef-

ficient and specific heat glves
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TyTe  hsi
-103e T JTB Mgcp " (c4)

Substituting the totel tube surface area S for &1, T, for T,
and Ty for T6 and rearranging give

=1+ (—- - l><1-e'hs/(M3°p,'b)> (c5)

The modified Nuseelt equation for heat tranafer at high tube-wall
temperatures, as given in reference 5, 1is

an 080 0.4
.};‘% = 0,023 (%) (ih—-k:%> (cs)

With the use of the continuity equation, the relation between
the tube flow area and tube surface area, and the value of h from
equation (C6), the exponent of e in equation (C5) becomes

0.6 "'012 008
b5 =009219'22< v ) Ppvd P ‘pav 2
Mgep, b i9.22 Op, v (. Py Sp,b d

(c7)
For convenlence, let
~0.2 0.8
eff Ar Ty Pp cp,b a

where

Mg M

HAg.Eg=pyv (c9)

Ar T Ap

carT
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An average value for the Prandil number evaluated at the
tube-wall temperature of 0.752 was sssumed. Combining equations
(¢7) and (C8) =nd substituting this velue of Prandtl mumber give

h3

M?J;_; = 0.00568 <z/:1) of? (c10)
}H

From equations (C5) and (C10),

T7 _ +<§_§ _ )(1 _ e-o.oosse(z/fl)“af_.% (c11)

The tobtal~temperature ratio across the reactor T.7/'.134 is thus a

function of the tube~wall temperature, the alr temperature at the
reactor lnlet, and the effective reactor passage length-to-diameter
ratio as defined by equation (C8).

Pressure Ratlo across Reactor

An accurate determination of the pressure changes of a com-
pressible fluld flowing through heat-exchanger passages at high
flow Mach numbers and high rates of heating requires a numerical
integration for each specifiic set of conditions. In reference 3
charts are presented that enable the determination, without
individual integration, of the pressure drop of a compressible
fluid flowing through heat-exchanger pessages. These charts
account for the effect on the heat-exchanger flow process of
high temperature differentisls between the passage wall and the
fluid, which was experimentelly investigated 1n reference 5.

The charts are set up for heat transfer from a passage wall at
constant temperature throughout its length to air (constant
ratio of specific heats) flowlng in turbulent motion and yield

a solution for the pressure drop when the tube-wall temperature,
the masg flow of alr per unit flow area, the effective lengbh-to-
dlameter ratio (see equation (C8)), and the total temperature and
pressure &t the tube Inlet are specified. That portion of the
reactor pressure drop from station 5 to station 6 was determined
from these charts.

The variation of the pressure ratlo across the reactor Pg/Pg
wlth mass flow per unit reactor frontal area M/A. 1s shown in
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flgure 16 for various compressor pressure ratios P4/P1 ag calcu~

lated from the charte of reference 3. Figures 16(a) to 16(e) are
for the five different combinatlions of altitude, tube-wall temper-
sture, turbine-inlet temperature, and reactor free-flow-area ratio
for which performance calculations were made.

For a constent compressor pressure ratio, Increasing the mass
flow per unit reactor frontal aree increases the total-pressure
ratio (that 1s, the totel-pressure drop) acrose the reactor.
Inasmch as the free-flow-area ratio ls constant, an increase in
mags flow per unit frontal area 1a equivalent to an increase in
mags flow per unlt flow area or tube area. The slope of these
curves approaches infinity as the mass flow 1s increased, indicating
that the choke condition or the critical pressure ratio is being
approached at the upper end of the ourves. For a constant maas
flow per unit reactor frontal area, decreasing the compressor pres-
sure ratlo Increages the totel pressure ratio across the reactor;
or, for a constent pressure ratlo across the reactor, increasing
the compressor pressure ratio allows an increase in the mags flow
of alr per unit reactor frontal area.

Although no gpecific plan for passing the air in and out of
the end shielding 1s recommended herein, pressure drops for these

portions of the system of approximately % pv2 were assumed as

follows:

2 gy
AP, 5 = S.(A_E> "fi' (c12)
and
2
APg.7 = & <Ar) Rlg (c13)
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APPENDIX D
ENGINE FRONTAL AREA AND WEIGHT

The air flow per unit of engine (compressor) frontal area
was assumed to be 25 pounds per second per sguare foot ab seaw-
level static conditions, which is approximately the highest
air handling capacity of current turbojet engines. This air
flow per unlt compressor frontal area was then varied with
compressor-inlet temperature and pressure T, end Py as

follows:

P
XX 1 A9 (o1)

e (Ae>s ,\[,E 2116.4

Substituting a base alr flow per unlt frontal area (W/he)s of
25 pounds per second per square foot gives, from equation (D1),

0.269 P
Al (02)
e ‘le

The englne welghts were calculated according to a method that
agsumes the engine welght to be & function of the compressor pres-
sure retlo, altitude, and flight speed. The basic components of
the turbojet engine for which welghts were separately calculabed
are the campressor, the turbine, and the shafting. The compressor
for this analysis is considered to be of the axisl-flow type and
is divided into two parts: the rotor consisting of the sum of the
compressor disks with their rims and blades, and the shell with
i%s stetors. The burbins rotor and shell are elso separately
calculated., The compressor is consldered to be designed on the
basis of a constant axial Mach number and a constant Reynold's
number throughout the compressor. The specific engine welghts
{1b of englne /1b of working air/sec), as celculated herein, are
independent of the englne size.

The weight of the intercooler was estimated using the charts
of reference 6. A ratlo of coollng-air pressure drop to compres-
8ible dynemic pressure of 0.20, an engline-alr pressure drop of
1 inch of mercury, a ratio of cooling alr to engine alr of 2.0,
and & cooling effectiveness of 0.50 were assumed. Average values
were used for the cooling=-air side and engine-air side pressures,
temperatures, and temperature rilses. The effect of the engine-air
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glde pressure drop on the thrust of the system was neglected and
the intercooler was assumed to have little or no internal drag
power. The intercooler weight, as estimasted from reference 6
including & 40-percent increase to aliow for spacers, headers,
and other structural perts, was 10 pounds per pound per second of
alr flow. ' '

The following table liste the engine weights (including the
intercooler weight) per pound per second of alr used in this analysis:

Altitude Campressor Engine weight per
pressure unit air flow
ratio (1v/{1v/sec))
30,000 10 45
20 59
30 70
40 a1
50 . g2
50,000 10 88
20 120
30 1486
40 167
50 188

The reactor, which constituted only a small portion (1 %o
10 percent) of the total system weight, was assumed to have a

specific gravity of £2.0.
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Flgnre 1, - Schematic dlagram of turbojet engine.
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Figure 3. - Variation of thrust per unit reactor frontal area F/An
with mass flow per unit reactor frontal area M/Ap for various
compressor pressure ratios P4/P1. Flight Mach number, 0.9;
altitude, 30,000 feet; tube-wall temperature, 2500° R; turbine-
inlet temperature, 2000° R; reactor free-flow-area ratio, 0.50.
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Figure 4. - Variation of thrust per unit reactor frontal area F/Ap
with compressor pressure ratio P4/P1. Mass flow per unit reactor
frontal area for maximum thrust per unit reactor frontal area;
flight Mach number, O.S9.
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area M/Ap for various compressor pressure ratios Ps4/Pi1. Flight
Mach number, 0.9; altitude, 50,000 feet; tube-wall temperature,
2500° Rj turbine-inlet temperature, 2000° R; reactor free-flow-area
ratio, 0.60,
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Figure 7. - Varlation of net thrust per unit of engine plus reactor

plus shielding weight (F-Dn)/(We+Wp+Wsh)} with mass flow per unit
reactor frontal area M/Ar for various compressor pressure ratios
P4/P1 and shielding weights per unit reactor frontal area Wgp/Ap.
Flight Mach number, C.®; altitude, 30,000 feeté tube-wall tempera~
ture, 2500° R; turbine-inlet temperature, 2000° R; reactor free-
flow-area ratlo, 0.50; reactor length, 2 feet.
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{b) Altitude, 30,000 feet; tube-wall temperature, 2500° R;
turbine-inlet temperature, 2000° R; reactor free=
flow-area ratio, 0.33.

Filgure 8, - Varlation of net thrust per unit of engine plus reactor
plus shielding weight (F-Dp}/(We+Wn+Wgn) with compressor pressure
ratio Pg/P; for various shielding weights per unilt reactor
frontal area Wg,/A,. Mass flow per umit reactor frontal area

for maximm specific weight; flight Mach number, 0.9; reactor
length, 2 feet.
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(d) Altitude, 30,000 feet; tube-wall temperaturs, 2000° R;
turbine-inlet temperature, 1700° R; reactor free-
flow-area ratio, 0,33,

Figure 8, - Continued, Variatlon of net thrust per unit of engine
plus reactor plus shielding welght (F-Dn)/(We+Wp+Wsh) with com-
pressor pressure ratio P4/P1 for various shielding weights per
unit reactor frontal area Wsh/Ar- Mass flow per unit reactor

frontal aresa for maximum specific weilght; flight Mach number,
0.,9; reactor length, 2 fest,
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(e) Altitude, 50,000 feet; tube-wall temperature, 2500° Rj
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Figure 8. - Concluded. Variation of net thrust per unit of engine
plus reactor plus shielding welght (F-Dp}/(We+Wp+Wgy) with com-
pressor pressure ratioc Pg/Py for various shielding weights per
unit reactor frontal area Wgp/A,. Mass flow per unit reactor

frontal area for maximum specific welght; flight Mach number,
0.,9; reactor lerigth, 2 feet. :

45



2a%
/ {rt)
60 - ,// 2
(£t) / /

\
o

5 ——— 3 A
—— ar— 2 ) /

N
AN
N

&
™~
N
e
2
~
N

N
AN
N

N
\\ > \\
\\
~
N
\\
N
<
hY
N
-

/// / ,// ’f
1/ 2 P S

N

Wn/Ap, 1b/8q £t
3

—/' < /”/ ”//
,// P ’1/ ’t -
20 gne S ara -
P 4 -
P ’/ /14 A_p///
< v 4’/_,’ p‘ -t
7 g e e
L AL
G i /‘” i “.’"
Pz
o o S

o ST
o L —L
o4 .8 1,2 1,6 2.0 2.4 2.8 3.2 346 4.0

tsh, It

Figure 9, - Vardatlon of shielded reaactor welght per umit reactor frontal area
Wen/Ap with shielding thickness tg,, reactor dlameter dp, and reactor length 1§,

Specific gravity of shielding material, 6.0.

“
-
[

14

£28093 Wd VOVN




NACA RM EB0OB23 _ ' 47

b
{
P4/P1
.4
30 40
-
P I e e I F
5 (es) (e6) 7 AL —TOT — N 50
L rd - | S
. e | 217 <t | > | N\
| a1/ K N
// N
) 4
s — A
%5 .2 3 2 ///’ﬂ__\\\
= > N
4 =
-1 /f‘/
2 2 /
[
0 1 2 3 4 5 6

M/An, slugs/(sec) (sq ft)

Figure 10. - Variation of ratio of disposable load to airplane
gross weight Wg3/Wg with mass flow per unit reactor frontal

area M/Ap for various compressor pressure ratlos Pg/Pj,
reactor diameters dpy, and reactor lengths i, Flight Mach
number, 0.9; altitude, 30,000 feet; tube-wall temperature,
2500° R; turbine-inlet temperature, 2000° R; reactor free-flow-
area ratio, 0,50; shielding thickness, 2 feebt; specific gravity

of shielding, 6.,0; lift-drag ratio, 18; airplane structural
weight, 0.4 airplane gross welight.
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number, 0.9; altitude, 30,000 feet; tube-wall temperature, 2500° R;
turbine-inlet temperature, 2000° R; reactor free-flow=-area ratio,
0.50; reactor length, 2 feet; shielding thickness, 2 feelt; spec-
ific gravity of shielding, 6.0; lift-drag ratio, 18; alrplane
structural welght, 0.4 airplane gross weight.
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Filgure 12. -~ Verlation of ratio of disposable load to alrplans gross welght \ld/lg wlth
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length, 2 feet; specific gravity of shielding, 6.0; lift-drag retio, 18; airplans
atructural weight, C.4 airplane grosa welght,
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Flgure 12. - Continued. VYerlation of ratfo of dlsposable losd to alrplans groas
weight 'ﬁd/I with elrplene gross weight W, for varlows reactor dlemetera 4., and
shislding thleclmessse tg;,- Wess Ilow per unit reactor frontal area and compressor
pressure ratlo for maximium ratio of dispossble load to airplane gross weight; flight
Mach nimber, 0.9; reactor length, 2 feet; speoific gravity of ahislding, &.0; 1lift-
dreg ratio, 18; airplane etructural waight, 0.4 airplasne gross weight.
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Pigure 12. - Continued. Variatlon of ratio of diapoeable load to alrplane gross
welght Hdﬂls with alrplane gross welght Wg for varlous resctor dlameters dp
and shielding thiclmesses +tsh. Mase flow per unibt reactor frontal area and compressor
preasurs ratlo for maximum ratio of dispomable load to alrplane groas welght; Ilight
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{d) Altitude, 30,000 feet; tube-wall temperature, 2000° R; turbine-inlet temparature,

17000 R; reactor free-Clow—area ratle, 0,33,

Varietion of ratic of disposable load to airplane gross weight

‘nld/\\'g with airplene gross welght Wy for varlous reactor dlameters dp and shlelding
thicknesses %gh. Mass flow psr unit reactor frontal ares and compressor pressure ratio
for maximm ratio of disposable load te alrplame gross welght; rlight Mach mumber, 0,83

reactor length, 2 fest; spscific gravity of shislding, 6.0; lift-drag ratic, 18; airplane
structural weight, 0,4 airplans grose weight,
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Figure 12, =~ Continued. Variation of ratlo of dispozable load to alrplene groas weight
Iﬂ/’lE vith airplane gross weight W; for various reactor diameters dn and shleld~
ing thicknesses tyne Mass flow per wnit reactor frontel area and compreaacr pressure
ratlio for maximm ratioc of dlsposable load to alrplane ?-ou welght; light Mach
nmber, 0.9; resstor length, £ feet; apecific gravity of shlelding, 3,0; lift-drag
ratio, 1B} airplane structural weigh$, 0.4 alrplane gross wsight,
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Figure 12. - Comoluded. Verlation of ratio of disposmble loed to airplane gross welght
Id/ﬂg with airplane gross weight Wy Cfor varlous reactor diamsters dp and shield-

ing thicknesses t,,. Mass flow per wnlt reactor frontal area and oompresasor prsaaure

ratio for maximm ratio of disposable lcad to alrplane grosa welght; flight Mach
mmber, 0.9; reactor length, 2 feet; specific gravity of shlslding, 6.0; lift-drag
ratlo, 18; airplane structural weight, 0.4 airplane gross weight,
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gravity of shielding, 8.0; lift-drag ratio, 18; alrplane mtructural weight, 0.4 airplane
gross welght,
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¢} Altitude, 30,000 feet; tube-~wall temperature, 2000° R;
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(e} Altitude, 50,000 feet; tube-wall temperature, 2500° R;
turbine-inlet temperature, 2000° R; reactor free-flow-
area ratio, 0,50.

Figure 13. - Cohcluded, Varlation of compressor pressure ratlo
P4/P3; for maximum ratio of disposable load to airplane gross
welght Wa/Wg with shielding thickmess tgh for various reactor o
diameters dp. Mass flow per unlt reactor frontal area for maximum
ratio of disposable load to alrplane gross welghty flight Mach
number, 0,9; reactor length, 2 feet; speciflic gravity of shileld-
ing, 6.0; lift-drag ratilo, is; airplane structural weight, 0.4
alrplane gross welght,
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(b) Altitude, ‘-‘50,000 roat, tube-wall temperaturs, 2500° R; turbine-inlet temperature,
2000° R; reactor fres-flow area ra.tio, 0.33.

Plgure 14, - Variatlon of reactor output Qn with shlelding thiokmess ta, for various
reactor diameters d4p, Mass flow per unit reactor frontal area and ccspressor pressurd

ratlo for maxlwnm ratic of disposable load to airplane gross weighty flight Mach number,
0,9; reactor length, £ feebt; specific gravity of shiuldgg, 8.0} ~drag ratio, 183
airplane atructural welght, 0,4 airplane gross weight.
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(d) Altitude, 30,000 feet; tube-wall temperature, 2000° R;
turbine-inlet temperature, 1700° R; reactor free-flow-
area ratio, 0.,33.

Filgure 14, - Continued. Variation of reactor output Qpr with
shielding thickness tg4, for varlous reactor diameters dp. Mass
flow per unit reactor frontal area and compressor pressure ratio
for maximum ratio of disposable load to airplane gross weight;
£light Mach number, 0,8; reactor 1en§§h, 2 feet; specific gravity
of shlelding, 6.0; lift-drag ratlo, ; alrplane structural
weight, 0.4 airplane gross weight, -
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(e) Altitude, 50,000 feet; tube-wall temperature, 2500° R;
turbine-iniet temperature, 2000° R; reactor free-flow
area ratlo, 0.50.

Figure 14, - Concluded, Variation of reactor output Qpr with
shielding thickness tgn for verlous reactor diameters d;, Mass
flow per unit reactor frontal area and compressor pressure ratio
for maxinmum ratio of dispossble load to airplane gross welghtj
flight Mach number, 0.9; reactor length, 2 feet; specific gravity
of shlelding, 6.0; lift-drag ratlo, 18; airplane structural
weight, O.4 alrplane gross welght,
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Flgure 18+ = Variation of maxlmuw allowable shielding thickness with alrplane gross
and airplane (without nacelles) lift-

welght W

drag ratlos L/D,

for various reactor diameters dp

Mass flow per unit reactor frontal area and compressor prescure

ratio for maximmn allowable shielding thickness; flight Mach number, 0.9; zltitude,
30,000 feet) tube-wall temperature, 2500° R; turbine=-inlet temperature, 2000° H;
reactor fres-{low*area ratio, 0.50; reactor length, 2 feet; specifle gravity of
8.0; airplane struotural weight, 0.4 alrplane gross welght; dlsposable

shielding
load, 20,

pounds.
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(b} Altitude, 30,000 feet; tube-wall temperaturse,
2500° R; turbine-inliet temperature, 2000° R;
reactor free-flow-area ratio, 0.33.

Pigure 16, - Variation of total-pressure ratlo across reactor
P5/Pg with mass flow per unit reactor frontal area M/An for

various compressor pressure ratios Ps/Pj. Flight Mach number, 0.9.
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Altitude, 30,000 feet; tube-wall temperature,

20009 R; turbine-inlet temperature, 17009 R;
reactor free-flow-area reatioc, 0.33.

Figure 16, - Contlnued. Variation of total-pressure ratlo acroas
reactor
for various compressor pressure ratlos P4/P1. Flight Mach

number,

Ps5/Pg with mass flow per unit reactor frontal area M/An
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(e) Altitude, 50,000 feet; tube-wall temperature,
25000 R; turbine-inlet tempersture, 2000° R;
reactor free-flow-area ratio, 0.50.

Pigure 16, -~ Concluded. Variatlon of total-pressure ratlo across
reactor Ps5/Pg with mass flow per unlt reactor frontal area M/A,

for varlous compressor pressure ratlos P4/P1. Flight Mach
number, 0.%e

NACA - Langley Field, Va.
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